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Introduction: Invasive vagus nerve stimulation (VNS) improves word recognition
memory in patients with epilepsy. Recent studies with transcutaneous VNS (tVNS) have
also shown positive effects on various subdomains of cognitive functioning in healthy
volunteers. In this randomized, controlled, crossover study, we investigated the effect of
tVNS on a word recognition memory paradigm in healthy volunteers to further investigate
the potential of tVNS in the treatment of cognitive disorders.
Methods: We included 41 healthy participants aged between 18 and 30 years (young
age group) and 24 healthy participants aged between 45 and 80 years (older age group).
Each participant completed a word recognition memory paradigm during three different
conditions: true tVNS, sham, and control. During true tVNS, stimulation was delivered at
the cymba conchae. Sham stimulation was delivered by stimulating the earlobe. In the
control condition, no stimulation was given. In each condition, participants were asked
to remember highlighted words from three test paragraphs. Accuracy scores were
calculated for immediate recall after each test paragraph and for delayed recognition
at the end of the paradigm. We hypothesized that highlighted words from paragraphs in
the true tVNS condition would be more accurately recalled and/or recognized compared
to highlighted words from paragraphs in the sham or control condition.
Results: In this randomized study, tVNS did not affect the accuracy scores for
immediate recall or delayed recognition in both age groups. The younger group showed
significantly higher accuracy scores than the older group. The accuracy scores improved
over time, and the most recently learned words were better recognized. Participants
rated true tVNS as significantly more painful; however, pain was not found to affect
accuracy scores.
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Conclusion: In this study, tVNS did not affect verbal memory performance in healthy
volunteers. Our results could not replicate the positive effects of invasive VNS on
word recognition memory in epilepsy patients. Future research with the aim of
improving cognitive function should focus on the rational identification of optimized and
individualized stimulation settings primarily in patients with cognitive deficits.
Keywords: transcutaneous vagus nerve stimulation, verbal memory performance, word recognition memory
paradigm, cognition, immediate recall, delayed recognition
INTRODUCTION
There is an ever-increasing scientific interest in the vagus
nerve as a potential target for memory modulation. Age-
related declines are seen in short-term memory functioning
and in free recall (retrieval) probably due to general slowing,
reduced processing resources, loss of inhibitory functions, and
lack of cognitive control (Luo and Craik, 2008). However,
the brain is able to reorganize itself during aging, learning,
and following damage, a process defined as neural plasticity.
This concept has stimulated the development of new treatment
options for cognitive decline, aiming to enhance this plastic
potential (Duffau, 2006). The formation of declarative or
explicit memory requires three essential processes: learning-
encoding, consolidation-storage, and retrieval (Tulving, 1983).
After information is perceived, it enters the memory system
through the short-term memory function (Baddeley and Hitch,
1974) in which a small amount of information can be held
active, as long as attention to the stimulus is maintained.
Subsequently, information is stored in the long-term memory
system, depending on the depth and elaboration of processing
of the information. Retrieval of the stored information refers
to the activation of the correct information from the long-
term memory into the short-term memory, while suppressing
the incorrect information (Shiffrin and Steyvers, 1997). It has
been well documented that arousal shortly following a learning
experience, during the process of memory consolidation, can
modulate the storage of information (Cahill and McGaugh, 1996;
McGaugh, 1966; McGaugh, 2015). Although this process has
not been fully elucidated, preclinical research suggests that the
vagus nerve plays a crucial role in transmitting the signals of
peripheral neuromodulators associated with arousal to brain
structures involved in memory storage (Williams and McGaugh,
1993; Nogueira et al., 1994; Hassert et al., 2004).
In 1999, Clark et al. (1999) demonstrated that stimulation
of the vagus nerve, by means of an implanted device to treat
drug-resistant epilepsy patients, was able to significantly enhance
verbal memory performance when stimulation was delivered
during the consolidation phase of a memory task. In 2006,
Ghacibeh et al. (2006) found that VNS improved the retention of
information by enhancing consolidation rather than by affecting
memory retrieval, concluding that VNS specifically interacts with
the processes underlying memory consolidation.
The vagus nerve projects to the nucleus of the solitary
tract and consequently activates the noradrenergic neurons in
the locus coeruleus and cholinergic neurons in the nucleus
basalis, resulting in the release of norepinephrine (NE) and
acetylcholine in wide areas of the cortex (Gu, 2002; Hassert et al.,
2004; Roosevelt et al., 2006; Follesa et al., 2007; Nichols et al.,
2011; Raedt et al., 2011). NE subsequently causes a release of
serotonin by activating alpha-1-adrenergic receptors in the dorsal
raphe nucleus (Manta et al., 2009). These neurotransmitters
are known to facilitate neural plasticity, a key mechanism in
many behavioral and cognitive processes (Gu, 2002; Duffau,
2006). Other neurotransmitters presumably involved in the
mechanism of action of VNS are gamma-aminobutyric acid
(GABA) and aspartate (Hammond et al., 1992; Ben-Menachem
et al., 1995). Long-term potentiation is considered the major
cellular mechanism of memory formation. As NE is known to
facilitate this early long-term potentiation through the activation
of beta-noradrenergic receptors, the VNS-induced NE release has
been proposed as a possible mechanism of modulating memory
performance (Harley, 2007; Mueller et al., 2008). These findings
have given rise to an increasing interest in neuromodulation
as a potential treatment for cognitive disorders. Currently
available treatment options for cognitive dysfunction, including
pharmacotherapy and psychosocial interventions, have shown
limited effects on cognition (Perng et al., 2018). Based on the
potential of VNS to modulate memory formation and the positive
effects seen in epilepsy patients, VNS has been investigated
as a potential treatment option for conditions associated with
cognitive decline with promising results (Sjogren et al., 2002;
Merrill et al., 2006).
Recently, noninvasive treatment options have gained interest,
aiming to achieve the same effects as invasive VNS without the
need for an invasive procedure. Transcutaneous vagus nerve
stimulation (tVNS) represents a noninvasive neurostimulation
modality that targets the receptive field of the auricular branch
of the vagus nerve, located at the outer part of the ear (Ellrich,
2019). Functional imaging studies have shown that tVNS leads to
activation of intracranial structures similar to the ones activated
by invasive VNS, suggesting potential for evoking similar effects
in a less invasive manner (Yakunina et al., 2017). Seeking to
replicate the cognitive effects of invasive VNS seen in patients,
several clinical studies have investigated the modulatory effect
of tVNS on cognitive functioning in healthy volunteers (Jacobs
et al., 2015; Sellaro et al., 2015, 2018; Steenbergen et al., 2015;
Beste et al., 2016; Colzato et al., 2017, 2018a,b; Jongkees et al.,
2018). Recent studies demonstrated that tVNS affected post-
error slowing (Sellaro et al., 2015), response selection functions
(Steenbergen et al., 2015; Jongkees et al., 2018), response speed
when two actions were executed in succession (Steenbergen et al.,
2015), divergent thinking (Colzato et al., 2018a), and emotion
recognition (Colzato et al., 2017; Sellaro et al., 2018). tVNS also
Frontiers in Psychology | www.frontiersin.org 2 April 2020 | Volume 11 | Article 551
fpsyg-11-00551 April 10, 2020 Time: 17:57 # 3
Mertens et al. tVNS and Memory Performance in Healthy Volunteers
significantly influenced inhibitory control processes (Beste et al.,
2016) and decreased flow experience during a task (Colzato et al.,
2018b). A study by Jacobs et al. (2015) was the first study to
investigate the effect of tVNS on memory performance. They
demonstrated that a single session of tVNS enhanced associative
memory performance in older healthy volunteers, measured by
means of an associative face–name memory task.
In this study, we aimed to replicate the positive effect of
invasive VNS on verbal memory performance seen in epilepsy
patients. Therefore, we investigated whether tVNS is able to
improve verbal memory in younger as well as older healthy
participants by applying stimulation during the consolidation
phase of a word recognition memory paradigm. We hypothesized
that tVNS, as compared to sham stimulation and control, would
enhance verbal memory performance.
MATERIALS AND METHODS
Participants
The effect of tVNS on memory function was investigated in
healthy volunteers belonging to two different age groups: young
individuals between 18 and 30 years and older individuals
between 45 and 80 years. Forty-one participants were included
in the young age group and 24 participants in the older age
group. Participants were recruited through flyers and an online
recruitment system. Subjects were excluded in case of a history
of cardiac disease, substance abuse or dependence, treatment
with psychoactive drugs, a history of neurological or psychiatric
disorders, pregnancy, and presence of an active implanted device
(e.g., pacemaker, VNS, cochlear implant) or cerebral shunt. In the
older age group, cognitive status was examined with the Montreal
Cognitive Assessment (MoCA) test battery. Participants with a
MoCA score lower than 24 were also excluded. Written informed
consent was obtained from each participant before the beginning
of the experimental session. Participants were instructed to have
a light breakfast or lunch on the day of the experimental session
and to avoid caffeine 2 h before. During the experimental session,
the participant was not allowed to eat. Drinks were limited
to water. Before conducting the experimental session, each
participant was asked to fill out a demographic questionnaire.
At the end of the experimental session, subjects received a gift
certificate with a value of 20 euro for participating.
The study protocol was reviewed and approved by the ethics
committee of Ghent University Hospital and conformed to the
ethical standards of the Declaration of Helsinki.
Procedure
This (sham-)controlled, randomized, crossover, within-subjects
study investigated the effect of tVNS on verbal memory
performance in healthy volunteers. An overview of the study
protocol is presented in Figure 1. First, the investigator and
participant went through the inclusion criteria and informed
consent form. Participants were included in the study after
signing the informed consent form. Second, demographic data
were collected through a questionnaire. For the participants in
the older age group, cognitive functioning was also evaluated
by administering the MoCA. After the appropriate tVNS
amplitude was chosen (according to the threshold method or
set to 0.5 mA), each subject conducted the word recognition
memory paradigm in three different conditions: true stimulation,
sham stimulation (active control), and no stimulation (control).
At the end of the paradigm, a word recognition task was
performed. A washout period of 30 min was implemented
between experimental conditions and before the recognition
30 min
Preparaon Pracceparagraph Condion 1 Condion 2
Wash
- out
Wash
- out
30 min
Condion 3 Wash- out
30 min
Recognion
trial
Demographic
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words
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free recall
Repeated 3x per condion
Paragraph
7 highlighted
words
Quesons+
free recall
Repeated 3x per condion
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words
Quesons+
free recall
Repeated 3x per condion
MOCA tVNS sengs
FIGURE 1 | Overview of the study. After preparation of the experimental session and one practice paragraph, the word recognition memory paradigm is conducted.
Three experimental conditions are used, separated by a washout period of 30 min. Stimulation ( ) is delivered 2 min after reading a paragraph and followed by two
questions and a free recall task. This is repeated three times per condition. At the end of the paradigm, participants perform a recognition test.
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task. During these breaks, participants were asked to perform
a relaxing activity. The order of experimental conditions was
randomized across subjects. All the experimental sessions were
conducted at the Neurology Department at Ghent University
Hospital in a neutral examination room. The experimental
session lasted 3 h including breaks and could take place in the
morning or in the afternoon, depending on the availability of
the participant.
Transcutaneous Vagus Nerve Stimulation
Stimulation was delivered by means of the NEMOS R© tVNS device
(Cerbomed, Erlangen, Germany) which targets the cutaneous
receptive field of the auricular branch of the vagus nerve at
the outer ear. This external device consists of an auricular
electrode connected to a control unit. The electrode is attached
to an earplug to ensure that the electrode is placed on the
cymba conchae. Sham stimulation was delivered by inverting the
earplug and placing the electrode on the earlobe. Stimulation
at this location will cause the same tingling sensation but
will not activate the vagus nerve (Peuker and Filler, 2002;
Kraus et al., 2013).
Based on previously published tVNS protocols (Steenbergen
et al., 2015; Colzato et al., 2018a,b), stimulation intensity was
set to 0.5 mA in 16 participants. As perceived and tolerated
stimulation intensity varies across participants, we decided to
set the stimulation intensity to the maximum tolerated output
in the other 49 participants by using the threshold method.
Before the beginning of the memory task, stimulation was
increased in steps of 0.10 mA until the participant felt a tingling
sensation. Stimulation was then further increased until the
participant reported pain and finally decreased 0.10 mA below
the pain threshold. This stimulation output was noted and used
throughout the experimental session for both the sham and true
tVNS conditions. Stimulation was delivered for 30 s during the
consolidation phase of the memory task. Frequency was set to
25 Hz and pulse width to 250 µs.
The participants were informed that stimulation would be
given during the experimental session by means of the tVNS
device. Possible side effects of stimulation were discussed (e.g.,
pain, redness of the skin, itching) (Mertens et al., 2018). The
participants were not informed about the type of stimulation
(sham versus true) and expected outcome.
Word Recognition Memory Paradigm
The memory task in this study (Figure 1) was based on the word
recognition memory paradigm in the study by Clark et al. (1999).
It was designed with E-prime software (Psychology Software
Tools Inc., Pittsburgh, PA, United States) and conducted on
a laptop with a 14-inch screen (Dell, Windows 7). A short
introduction was given by the investigator before starting the
memory task. Written instructions were displayed on the laptop
during the experimental session. Participants were instructed
to silently read fragments of text paragraphs displayed on the
screen. A practice paragraph was given before the beginning of
the memory task to familiarize the participant with the testing
procedures. The paragraphs were chosen from the “wablieft
krant,” an online journal known for its low difficulty level. One
paragraph was divided into five to six fragments, displayed
separately on the computer screen. Participants could continue to
the next fragment by pressing the space bar. In each paragraph,
seven words were highlighted. Participants were asked to read
the paragraph thoroughly and memorize the highlighted words.
Two minutes after finishing reading a paragraph, stimulation was
delivered during 30 s. No stimulation was delivered in the control
condition. In accordance to the study by Clark et al. (1999),
stimulation was delivered after 2 min in order to stimulate during
the consolidation phase of memory formation. Immediately after
stimulation, participants were asked to answer two questions on
the content of the paragraph and to write down as many of the
highlighted words as possible (immediate free recall). Afterwards,
participants were asked to rate pain during the stimulation. In
the first 25 participants, a Likert scale from 1 to 9 was used.
However, as participants reported difficulties in using this scale,
the Wong–Baker FACES Pain Rating Scale ranging from 0 to
10 was used for the remaining 40 participants. The pain ratings
of the first 25 participants were converted to fit the new scale.
Three consecutive paragraphs with associated questions were
merged into one text file. For each experimental condition,
one text file was used, leading to a total of 21 highlighted
words to be remembered and six questions to be answered per
condition. Each subject conducted the paradigm sequentially in
three conditions: true tVNS, sham, and control (no stimulation),
summing up to nine paragraphs, 63 highlighted words, and 18
questions throughout the experimental session. Both the order of
text files and conditions were randomized across subjects. A 30-
min break was added after each condition to ensure washout
between the different conditions. After completing all three
conditions and adding a last break of 30 min, the recognition task
was performed. During this final task, all 63 highlighted words as
well as 63 related words and 63 non-related words were displayed
on the computer screen in a randomized order. Each participant
was asked to recognize target words and distinguish them from
non-target words by pressing a green button when a target word
was displayed and pressing a red button for a non-target word.
Outcome Measures
Primary outcome measures were accuracy scores on the
immediate recall tests (after each test paragraph) and accuracy
scores on the delayed recognition test (at the end of the
paradigm). Regarding delayed recognition accuracy scores, only
correct categorization of the highlighted words (hits) was
compared. The categorization of related and unrelated novel
words was not considered. We hypothesized that highlighted
words from paragraphs in the true tVNS condition would
be more accurately recalled and/or recognized compared
to highlighted words from paragraphs in the sham or
control condition.
Data Analysis
For each participant, immediate recall scores were calculated
by the investigator based on the number of correct words
the participant noted after each paragraph. This resulted in a
mean accuracy score (percentage) for each stimulation condition.
Delayed recognition scores were calculated using R statistical
Frontiers in Psychology | www.frontiersin.org 4 April 2020 | Volume 11 | Article 551
fpsyg-11-00551 April 10, 2020 Time: 17:57 # 5
Mertens et al. tVNS and Memory Performance in Healthy Volunteers
software (R Core Team, 2017), resulting in accuracy scores for
correct categorization of the highlighted words (hit or miss) on a
single trial level.
The data analysis was conducted using R with lme4 (Bates
et al., 2015) to perform generalized linear mixed effects (GLMEs)
analyses. In case the dependent variable was dichotomous
(categorization accuracy for delayed recognition test), we used
logistic regression analyses. Both for the fixed and random effects,
the chi-square statistics and the corresponding p-values were
acquired by the likelihood ratio test. The dependent variable was
the accuracy on the immediate recall and delayed recognition test.
The independent variable was the stimulation condition (tVNS,
sham, and control). The study order (block 1, block 2, block 3),
the text file (file1, file2, file3), the stimulation intensity, pain score,
gender, age, and years of education were also taken into account,
as well as the MoCA score for the older group. As our dataset is
relatively small, R failed to converge when making a full model
with all the fixed and random effects. Therefore, we chose to
start from the null model with a random intercept for subject
and compare it with the model with the effect at test. This was
done for all variables of interest for both the fixed effects and the
random effects. Hereby, we can test if a variable is an important
predictor in its own right, independent of the presence of any
other variables. A significance level of p < 0.05 was adopted for
all statistical tests.
Data analysis was conducted for both age groups separately as
well as for all participants together.
RESULTS
Demographics
Forty-one participants (20 males) were included in the young age
group with a mean age of 22.20 years (+1.97) and mean years
of education of 15.44 years (+2.12). In the older age group, 24
participants were included, of whom seven were males. The mean
age was 55.13 years (+6.59), and the mean years of education
were 15.21 years (+2.05). The younger and the older age groups
did not significantly differ from each other on gender [χ2 (1,
N = 65) = 1.66, p = 0.20] and years of education [Welch’s
t(49.21) = 0.43, p = 0.67].
Stimulation and Pain Report
The mean stimulation intensity was 0.54 mA (±0.21) in the
younger group and 0.57 mA (±0.12) in the older group.
Both groups did not significantly differ in stimulation intensity
[Welch’s t(62.99) = 0.35, p = 0.72]. Stimulation intensity had a
significant effect on reported pain level [χ2 (1, N = 65) = 7.82,
p = 0.0051], with significantly higher pain scores after lower
stimulation. There was a trend for higher reported pain levels in
the younger group (1.08 ± 1.71) compared to the older group
(0.57 ± 1.10), but this difference was not significant [χ2 (1,
N = 65) = 3.70, p = 0.055]. A significant effect of experimental
condition on pain reports [χ2 (1, N = 65) = 10.31, p = 0.0013] was
found, showing that true tVNS led to a significantly higher pain
score than sham [Welch’s t(123.22) = 2.68, p = 0.0083], and sham
led to a significantly higher pain score than the control condition
[Welch’s t(113.13) = 2.83, p = 0.0055].
Immediate Recall
We hypothesized to find an effect of experimental condition
on immediate recall scores, more specifically, higher immediate
recall accuracy scores for the true tVNS condition compared
to the sham and control conditions. We first analyzed the
data of the younger and older groups separately and then
compared both groups.
Young Age Group
The mean accuracy score on the immediate recall test was
85.64% (±11.81%). We found no main effect of experimental
condition [χ2 (1, N = 41) = 0.37, p = 0.83] (Figure 2). There
was also no main effect of order [χ2 (1, N = 41) = 0.011,
p = 0.92] (Figure 3). There was a significant main effect for
the specific text they had to memorize, with highest accuracy
scores for text file 2 [χ2 (1, N = 41) = 14.27, p = 0.0008]. There
were no significant random effects. There was no effect of pain
report, stimulation intensity (Figure 4), age, gender, or education
level on accuracy.
Old Age Group
The mean accuracy score on the immediate recall test was 77.31%
(±16.43%). We found no main effect of experimental condition
[χ2 (1,N = 24) = 2.56, p = 0.11] (Figure 2). There was a significant
main effect of order [χ2 (1, N = 24) = 14.76, p = 0.00012],
showing that the accuracy improved over time (Figure 3). Similar
to the younger group, a significant main effect was found for the
specific text they had to memorize, with highest accuracy scores
for text file 2 [χ2 (1, N = 24) = 21.07, p < 0.001]. There was an
effect of age on accuracy [χ2 (1, N = 24) = 24.35, p < 0.0001],
showing higher accuracy scores for younger participants. There
was also a significant effect of MoCA score on accuracy [χ2 (1,
N = 24) = 4.88, p = 0.027], showing that participants with a
higher MoCA score obtained higher recall scores. There were no
significant random effects. There was no effect of pain reports,
stimulation intensity (Figure 4), gender, or years of education on
the immediate recall score.
Both Age Groups
The mean accuracy score on the immediate recall test when
combining both datasets was 82.56% (±14.24%). Age group
(young versus old) had a significant main effect on recall
accuracy, with significantly higher scores in the young age group
[χ2 (1, N = 65) = 8.55, p = 0.0034]. Regarding the effects of
experimental condition on accuracy, we found no main effect of
condition [χ2 (1, N = 65) = 1.16, p = 0.28]. A significant main
effect of order was found [χ2 (1, N = 65) = 4.66, p = 0.031],
showing that the accuracy improved over time. There was also a
significant main effect for the specific text they had to memorize,
with highest accuracy scores for text file 2 [χ2 (1, N = 65) = 32.62,
p < 0.0001]. There were no significant random effects. There
was no effect of pain report, stimulation intensity, gender, or
education level on accuracy.
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FIGURE 2 | Immediate recall (left) and delayed recognition (right) accuracy scores in percentage for the three experimental conditions for the young and old age
group. There was no significant effect of experimental condition on immediate recall and delayed recognition scores in both age groups. Line plots represent mean
scores. Error bars represent standard error.
FIGURE 3 | Immediate recall (left) and delayed recognition (right) accuracy scores in percentage during the three blocks of the experimental session for the young
and the old group. A significant effect of order was seen on immediate recall scores in the old age group and on delayed recognition scores in both age groups,
showing significantly higher scores toward the end of the paradigm. Line plots represent mean scores. Error bars represent standard error.
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FIGURE 4 | (A) Correlation between immediate recall scores and stimulation intensity for the young group (left) and the old group (right). There was no correlation
between stimulation intensity and immediate recall scores in both age groups. (B) Correlation between delayed recognition scores and stimulation intensity for the
young group (left) and the old group (right). There was no correlation between stimulation intensity and delayed recognition scores in both age groups.
Delayed Recognition
During the recognition task, delayed recognition accuracy scores
were obtained for correct categorization of the highlighted words.
The categorization of related and unrelated novel words was not
considered. We hypothesized that higher accuracy scores on the
delayed recognition task would be associated with the true tVNS
condition as compared to the sham and control conditions. We
first analyzed the data of the younger and older groups separately
and then compared both groups.
Young Age Group
The mean accuracy score on the delayed recognition test was
73.17% (±11.26%). No significant main effect of experimental
condition was found [χ2 (1, N = 41) = 0.01, p = 0.90]
(Figure 2). There was a significant main effect of order [χ2 (1,
N = 41) = 12.72, p = 0.00036], showing a recency effect where
the most recent learned words are better recognized (Figure 3).
There was also a significant random effect of order, showing that
the strength of this recency effect differed across participants [χ2
(1, N = 41) = 7.18, p = 0.028]. There was no significant effect of
text. We also found no effect of stimulation intensity (Figure 4),
pain report, age, gender, or educational level on accuracy scores.
Old Age Group
The mean accuracy score on the delayed recognition test was
65.67% (±13.29%). No significant main effect of experimental
condition was found (χ2 (1, N = 24) = 0.99, p = 0.32)
(Figure 2). There was a significant main effect of order
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TABLE 1 | Overview of study characteristics of this clinical study and previous research investigating the effect of VNS on memory performance.
This study Clark et al. (1999) Jacobs et al. (2015)
Study design Within-subjects Within-subjects Within-subjects
Study population Healthy volunteers
young age group
old age group
Epilepsy patients Healthy older volunteers
Sample size 65
41 young age group
24 old age group
10 30
Memory function Immediate recall
Delayed recognition
Immediate recall
Delayed recognition
Name–face association
Device tVNS (NEMOS) Invasive VNS tVNS (TENStem)
Stimulation parameters
Output current According to threshold 0.5–1.5 mA 5 mA
Frequency 25 Hz 30 Hz 8 Hz
Pulse width 250 µs 500 µs 200 µs
Duration 30 s 30 s 17 min
Washout period 30 min unknown >7 days
Number of conditions 3 (tVNS, sham, control) 2 (VNS, sham) 2 (tVNS, sham)
[χ2 (1, N = 24) = 25.79, p < 0.0001], showing again a recency
effect (Figure 3) as well as a significant random effect of order
[χ2 (1, N = 24) = 13.75, p = 0.0010]. No significant effect of text
was found. A trend was seen toward an effect of age on accuracy
scores showing that the younger participants are, the higher their
score is [χ2 (1, N = 24) = 2.86, p = 0.091]. There was no effect of
stimulation intensity (Figure 4), pain report, gender, educational
level, or MoCA score on accuracy scores.
Both Age Groups
The mean accuracy score on the delayed recognition test was
70.40% (±12.49%). No significant main effect of experimental
condition was found [χ2 (1, N = 65) = 0.18, p = 0.67]. Also
for both groups combined, a significant main effect of order
[χ2 (1, N = 65) = 34.12, p < 0.0001] as well as a significant
random effect of order [χ2 (1, N = 65) = 16.86, p = 0.00022] was
found, showing a recency effect that differed across participants.
There was a significant effect of text on accuracy scores [χ2 (1,
N = 65) = 7.41, p = 0.025] with significantly lower scores on
text file 1. A significant effect of group [χ2 (1, N = 65) = 13.21,
p = 0.00028] was seen, showing that the younger group scored
significantly higher on the delayed recognition test than the older
group. No effect of stimulation intensity, pain report, gender, or
educational level on accuracy scores was seen.
Power Analysis
A post hoc power analysis was conducted as the effect size could
not be established before the beginning of the clinical study.
The effect size (tVNS compared to control) was d = 0.19 for
the immediate recall and d = 0.03 for the delayed recognition.
By means of the package WebPower (Zhang and Yuan, 2018)
in R, we used a function specifically for regression models
to determine the sample size with a power of 0.8 and alpha
set to 0.05. Regarding the immediate recall, a sample size of
43 participants was required to obtain a power of 80%. For
the delayed recognition, a sample size of 263 participants was
required to obtain a power of 80%.
DISCUSSION
While VNS was previously shown to improve performance on
memory paradigms, we did not find a significant effect of tVNS
on verbal memory performance in young and older healthy
participants. Differences in the study methodology may underlie
the different outcomes with regard to the effects of VNS on
memory function (see also Table 1).
We investigated healthy participants, while in the study by
Clark et al. (1999), the effect of VNS on memory performance
was evaluated in epilepsy patients. It has been shown that
epilepsy is associated with cognitive comorbidities including
memory impairment (Butler and Zeman, 2008; Helmstaedter and
Witt, 2017). A lower baseline performance in epilepsy patients
may be more prone to improvement as compared to healthy
volunteers, in whom the verbal memory performance test cannot
be further improved, a feature described as “the ceiling effect.”
The study by Jacobs et al. (2015) also included only healthy
volunteers, but inclusion was restricted to older individuals
with a higher mean age compared to our participants in the
old age group (60.57 years ± 2.54 versus 55.13 years ± 6.59),
with potentially lower baseline memory scores again more
susceptible to improvement.
In our study, a noninvasive device for targeting the vagus
nerve was used. However, more effective stimulation of the
vagal afferent pathway may be achieved when the vagus nerve is
targeted directly by means of an implanted device. The optimal
stimulation location and parameters of tVNS have not been
elucidated. We chose to target the cymba conchae as this region
is exclusively innervated by the auricular branch of the vagus
nerve (Peuker and Filler, 2002), and stimulation at this location
produced a significant activation of intracranial structures
similarly affected by invasive VNS (Yakunina et al., 2017).
Previous research has shown that moderate levels of
stimulation were most efficient for improving memory
performance, whereas low and high levels of stimulation
caused no improvement or even deterioration, visualized by an
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inverted U-curve (Clark et al., 1999). In this study, we did not
find a significant correlation between stimulation intensity and
accuracy scores on immediate recall and delayed recognition
(Figure 4). Participants who could tolerate higher output
currents did not perform better than participants receiving a
lower stimulation intensity. The previously described inverted
U-curve could also not be confirmed by our results. However, we
do emphasize that we did not investigate the effect of different
stimulation intensities within subjects as was conducted in the
study by Clark et al. (1999). The optimal stimulation intensity
of tVNS for improving memory performance remains to be
elucidated. Therefore, it is possible that subjects in this study
were not stimulated at individually optimized levels of intensity.
Stimulation was delivered for only 30 s during the
consolidation phase of a memory task, analogous to the
invasive VNS protocol in Clark et al. (1999). However, 30 s of
tVNS may be insufficient for a noninvasive device to effectively
stimulate the vagal afferent pathway. As long-term potentiation
is considered the most important mechanism of memory
formation, longer and more repetitive stimulation of the vagus
nerve might be required to effectively modulate hippocampal
processes. In addition, some participants only tolerated very low
output currents which could have been too low to sufficiently
activate vagal afferent fibers. In the study by Jacobs et al. (2015),
a significant effect on associative memory was found with a
different tVNS device that continuously stimulated the inner side
of the tragus during 17 min. The longer stimulation duration
used in the Jacobs et al. (2015) study may prove more effective
at modulating memory performance. However, it could also
be possible that tVNS only interacts with specific memory
functions, such as associative memory, and is not able to improve
immediate recall or delayed recognition. In 2016, Burger et al.
investigated the effect of tVNS on fear extinction, a process that
is also highly dependent on memory formation (Burger et al.,
2016, 2017, 2018; Verkuil et al., 2017). A significant acceleration
of fear extinction learning was seen after tVNS; however,
this did not lead to better retention of extinction memory.
By further investigating the mechanism of action of (t)VNS,
potential targets of memory function and optimal conditions for
intervention could be identified.
In this study, we used a relatively short interval between the
conditions. Thirty minutes may have been too short to ensure
complete washout. Due to the setup of the word recognition
memory paradigm, all conditions had to be conducted in
one experimental session on the same day. To date, studies
investigating the enduring effects of invasive VNS on NE show
inconsistent results; some authors describe completely transient
effects (Roosevelt et al., 2006), while others demonstrated
elevated NE levels up to 2 h after stimulation (Hassert et al.,
2004). To our knowledge, the enduring effect of tVNS has
not been studied.
In contrast to previous research, we compared true tVNS
to both a sham stimulation and control condition. The use
of sham stimulation by means of stimulating the earlobe is
under discussion (Keute et al., 2018; Rangon, 2018). Not
including a sham stimulation would lead to blinding issues
as participants can clearly distinguish the true condition from
the control. A sham stimulation is also necessary to ensure
that effects are caused by activating the vagal trajectory and
not merely by the sensation of electrical current through
the trigeminal nerve (Keute et al., 2018). As true tVNS did
not significantly alter verbal memory performance compared
to both a sham and control condition, we concluded that
these results were not confounded by insufficient blinding
or by sham-induced activation. Participants did report higher
pain scores during true tVNS than sham, which could
possibly impact their performance. However, we did not
find a significant effect of pain on accuracy scores in
both age groups.
A limitation of this study is the sample size. A post hoc power
analysis indicated that the sample size of this study was sufficient
to reliably investigate the effect of tVNS on immediate recall but
should be extended to 263 participants for delayed recognition.
This should be considered when interpreting the results for
delayed recognition.
Although no effect of stimulation was found in this study,
several experimental and demographic factors were identified
that significantly affected verbal memory performance.
In the older age group, a practice effect was found with
a significant increase in immediate recall accuracy scores
throughout the paradigm. This practice effect was not seen in
the younger age group. In all volunteers, highlighted words
that were presented at the last condition of the paradigm
were more easily recognized than highlighted words at the
beginning, demonstrating a recency effect. A significant effect
of text file was also found in both age groups, indicating that
the highlighted words in some paragraphs could be more easily
remembered than others. This effect was unexpected as all
paragraphs were chosen from the same online journal involving
health-related topics, and the highlighted words were controlled
for frequency and concreteness ratings (Fliessbach et al., 2006;
Keuleers et al., 2010; Lohnas and Kahana, 2013; Brysbaert
et al., 2014). As we counterbalanced the order of intervention
(active tVNS was randomly delivered as first, second, or third
intervention) and text files across participants, these practice,
recency, and text effects should not have interfered with our
results. These findings emphasize the difficulties in designing
a reliable neuropsychological study and the importance of
counterbalancing conditions and test versions across participants.
Gender and years of education did not have an effect
on memory performance. In the older age group, a higher
MoCA score improved accuracy scores on immediate recall.
Delayed recognition scores also seemed to increase with higher
MoCA score, but this effect was not significant. Only in
the older age group was a significant correlation between
age and accuracy score on immediate recall found, with
lower test scores as age increased. When comparing both
age groups, we found significantly higher accuracy scores on
immediate recall as well as delayed recognition in the young
age group compared to the older age group. These findings
demonstrate that aging above 45 years significantly reduces verbal
memory performance.
This study does not find evidence that noninvasive targeting
of the vagus nerve improves verbal memory performance in
young and older healthy volunteers. Methodological issues
potentially underlying the absence of effects have been discussed.
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Further research to investigate the potential of targeting vagus
nerve fibers noninvasively to improve cognitive function is
required. As optimal stimulation parameters have not been
elucidated, future research should focus on the effect of different
stimulation settings in an individualized way in order to define
the most efficient stimulation parameters.
DATA AVAILABILITY STATEMENT
The datasets generated for this study are available on request to
the corresponding author.
ETHICS STATEMENT
The studies involving human participants were reviewed
and approved by the Ethics committee of Ghent University
Hospital, Ghent, Belgium. The patients/participants provided
their written informed consent to participate in this study.
Written informed consent was obtained from the individual(s)
for the publication of any potentially identifiable images or data
included in this article.
AUTHOR CONTRIBUTIONS
AM was responsible for data acquisition and drafting of the
manuscript. LN conducted the data processing and statistical
analysis. MM, TP, EC, SG, RR, PB, and KV proofread the
manuscript. The experimental sessions were conducted under the
supervision of MM and KV.
FUNDING
This research was supported by a grant from the “Geneeskundige
Stichting Koningin Elisabeth” (GSKE). AM is supported by
an “Aspirant” grant of the “Fonds voor Wetenschappelijk
Onderzoek” (FWO) Flanders. LN is supported by the Ghent
University Research Fund (BOF). TP is supported by the National
Science Foundation Graduate Research Fellowship Program. EC
is supported by a research grant of Ghent University Hospital.
PB is supported by grants of the “Fonds voor Wetenschappelijk
Onderzoek” (FWO) Flanders, the Ghent University Research
Fund (BOF), Ghent University Hospital, and E-Epilepsy (EU).
RR and KV have been funded by the BOF-UGent, special research
fund from Ghent University Hospital.
REFERENCES
Baddeley, A. D., and Hitch, G. (1974). “Working memory,” in The Psychology of
Learning andMotivation, ed. G. Bower (New York, NY: Academic Press), 47–89.
Bates, D., Mächler, M., Bolker, B., and Walker, S. (2015). Fitting linear mixed-effects
models usinglme4. J. Stat. Softw. 67, 1–48.
Ben-Menachem, E., Hamberger, A., Hedner, T., Hammond, E. J., Uthman, B. M.,
Slater, J., et al. (1995). Effects of vagus nerve stimulation on amino acids and
other metabolites in the CSF of patients with partial seizures. Epilepsy Res. 20,
221–227. doi: 10.1016/0920-1211(94)00083-9
Beste, C., Steenbergen, L., Sellaro, R., Grigoriadou, S., Zhang, R., Chmielewski,
W., et al. (2016). Effects of concomitant stimulation of the GABAergic and
norepinephrine system on inhibitory control – a study using transcutaneous
vagus nerve stimulation. Brain Stimul. 9, 811–818. doi: 10.1016/j.brs.2016.
07.004
Brysbaert, M., Stevens, M., De Deyne, S., Voorspoels, W., and Storms,
G. (2014). Norms of age of acquisition and concreteness for 30,000
Dutch words. Acta Psychol. (Amst). 150, 80–84. doi: 10.1016/j.actpsy.2014.
04.010
Burger, A. M., Van Diest, I., van der Does, W., Hysaj, M., Thayer, J. F., Brosschot,
J. F., et al. (2018). Transcutaneous vagus nerve stimulation and extinction of
prepared fear: a conceptual non-replication. Sci. Rep. 8:11471. doi: 10.1038/
s41598-018-29561-w
Burger, A. M., Verkuil, B., Fenlon, H., Thijs, L., Cools, L., Miller, H. C., et al. (2017).
Mixed evidence for the potential of non-invasive transcutaneous vagal nerve
stimulation to improve the extinction and retention of fear. Behav. Res. Ther.
97, 64–74. doi: 10.1016/j.brat.2017.07.005
Burger, A. M., Verkuil, B., Van Diest, I., Van der Does, W., Thayer, J. F., and
Brosschot, J. F. (2016). The effects of transcutaneous vagus nerve stimulation
on conditioned fear extinction in humans. Neurobiol. Learn Mem. 132, 49–56.
doi: 10.1016/j.nlm.2016.05.007
Butler, C. R., and Zeman, A. Z. (2008). Recent insights into the impairment
of memory in epilepsy: transient epileptic amnesia, accelerated long-term
forgetting and remote memory impairment. Brain 131(Pt 9), 2243–2263. doi:
10.1093/brain/awn127
Cahill, L., and McGaugh, J. L. (1996). Modulation of memory storage. Curr. Opin.
Neurobiol. 6, 237–242. doi: 10.1016/s0959-4388(96)80078-x
Clark, K. B., Naritoku, D. K., Smith, D. C., Browning, R. A., and Jensen, R. A.
(1999). Enhanced recognition memory following vagus nerve stimulation in
human subjects. Nat. Neurosci. 2, 94–98. doi: 10.1038/4600
Colzato, L. S., Ritter, S. M., and Steenbergen, L. (2018a). Transcutaneous vagus
nerve stimulation (tVNS) enhances divergent thinking. Neuropsychologia 111,
72–76. doi: 10.1016/j.neuropsychologia.2018.01.003
Colzato, L. S., Sellaro, R., and Beste, C. (2017). Darwin revisited: the vagus nerve
is a causal element in controlling recognition of other’s emotions. Cortex 92,
95–102. doi: 10.1016/j.cortex.2017.03.017
Colzato, L. S., Wolters, G., and Peifer, C. (2018b). Transcutaneous vagus nerve
stimulation (tVNS) modulates flow experience. Exp. Brain Res. 236, 253–257.
doi: 10.1007/s00221-017-5123-0
Duffau, H. (2006). Brain plasticity: from pathophysiological mechanisms to
therapeutic applications. J. Clin. Neurosci. 13, 885–897. doi: 10.1016/j.jocn.
2005.11.045
Ellrich, J. (2019). Transcutaneous auricular vagus nerve stimulation. J. Clin.
Neurophysiol. 36, 437–442. doi: 10.1097/WNP.0000000000000576
Fliessbach, K., Weis, S., Klaver, P., Elger, C. E., and Weber, B. (2006). The effect
of word concreteness on recognition memory. Neuroimage 32, 1413–1421.
doi: 10.1016/j.neuroimage.2006.06.007
Follesa, P., Biggio, F., Gorini, G., Caria, S., Talani, G., Dazzi, L., et al. (2007).
Vagus nerve stimulation increases norepinephrine concentration and the gene
expression of BDNF and bFGF in the rat brain. Brain Res. 1179, 28–34. doi:
10.1016/j.brainres.2007.08.045
Ghacibeh, G. A., Shenker, J. I., Shenal, B., Uthman, B. M., and Heilman, K. M.
(2006). The influence of vagus nerve stimulation on memory. Cogn. Behav.
Neurol. 19, 119–122.
Gu, Q. (2002). Neuromodulatory transmitter systems in the cortex and their role
in cortical plasticity. Neuroscience 111, 815–835. doi: 10.1016/s0306-4522(02)
00026-x
Hammond, E. J., Uthman, B. M., Wilder, B. J., Ben-Menachem, E., Hamberger, A.,
Hedner, T., et al. (1992). Neurochemical effects of vagus nerve stimulation in
humans. Brain Res. 583, 300–303. doi: 10.1016/s0006-8993(10)80038-1
Harley, C. W. (2007). Norepinephrine and the dentate gyrus. Prog. Brain Res. 163,
299–318. doi: 10.1016/s0079-6123(07)63018-0
Hassert, D. L., Miyashita, T., and Williams, C. L. (2004). The effects of peripheral
vagal nerve stimulation at a memory-modulating intensity on norepinephrine
Frontiers in Psychology | www.frontiersin.org 10 April 2020 | Volume 11 | Article 551
fpsyg-11-00551 April 10, 2020 Time: 17:57 # 11
Mertens et al. tVNS and Memory Performance in Healthy Volunteers
output in the basolateral amygdala. Behav. Neurosci. 118, 79–88. doi: 10.1037/
0735-7044.118.1.79
Helmstaedter, C., and Witt, J. A. (2017). Epilepsy and cognition – a bidirectional
relationship? Seizure 49, 83–89. doi: 10.1016/j.seizure.2017.02.017
Jacobs, H. I., Riphagen, J. M., Razat, C. M., Wiese, S., and Sack, A. T. (2015).
Transcutaneous vagus nerve stimulation boosts associative memory in older
individuals. Neurobiol. Aging 36, 1860–1867. doi: 10.1016/j.neurobiolaging.
2015.02.023
Jongkees, B. J., Immink, M. A., Finisguerra, A., and Colzato, L. S. (2018).
Transcutaneous vagus nerve stimulation (tVNS) enhances response selection
during sequential action. Front. Psychol. 9:1159. doi: 10.3389/fpsyg.2018.01159
Keuleers, E., Brysbaert, M., and New, B. (2010). SUBTLEX-NL: a new measure for
Dutch word frequency based on film subtitles. Behav. Res. Methods 42, 643–650.
doi: 10.3758/BRM.42.3.643
Keute, M., Ruhnau, P., and Zaehle, T. (2018). Reply to “Reconsidering sham in
transcutaneous vagus nerve stimulation studies”. Clin. Neurophys. J. Int. Fed.
Clin. Neurophys. 129, 2503–2504. doi: 10.1016/j.clinph.2018.09.001
Kraus, T., Kiess, O., Hosl, K., Terekhin, P., Kornhuber, J., and Forster, C. (2013).
CNS BOLD fMRI effects of sham-controlled transcutaneous electrical nerve
stimulation in the left outer auditory canal – a pilot study. Brain Stimul. 6,
798–804. doi: 10.1016/j.brs.2013.01.011
Lohnas, L. J., and Kahana, M. J. (2013). Parametric effects of word frequency
in memory for mixed frequency lists. J. Exp. Psychol. Learn. Mem. Cogn. 39,
1943–1946. doi: 10.1037/a0033669
Luo, L., and Craik, F. I. (2008). Aging and memory: a cognitive approach. Can. J.
Psychiatry 53, 346–353.
Manta, S., Dong, J., Debonnel, G., and Blier, P. (2009). Enhancement of the
function of rat serotonin and norepinephrine neurons by sustained vagus nerve
stimulation. J. Psychiatry Neurosci. 34, 272–280.
McGaugh, J. L. (1966). Time-dependent processes in memory storage. Science 153,
1351–1358. doi: 10.1126/science.153.3742.1351
McGaugh, J. L. (2015). Consolidating memories. Annu. Rev. Psychol. 66, 1–24.
doi: 10.1146/annurev-psych-010814-014954
Merrill, C. A., Jonsson, M. A., Minthon, L., Ejnell, H., Silander, H., Blennow,
K., et al. (2006). Vagus nerve stimulation in patients with Alzheimer’s disease:
additional follow-up results of a pilot study through 1 year. J. Clin. Psychiatry
67, 1171–1178. doi: 10.4088/jcp.v67n0801
Mertens, A., Raedt, R., Gadeyne, S., Carrette, E., Boon, P., and Vonck, K. (2018).
Recent advances in devices for vagus nerve stimulation. Expert Rev. Med.
Devices 15, 527–539. doi: 10.1080/17434440.2018.1507732
Mueller, D., Porter, J. T., and Quirk, G. J. (2008). Noradrenergic signaling in
infralimbic cortex increases cell excitability and strengthens memory for fear
extinction. J. Neurosci. 28, 369–375. doi: 10.1523/JNEUROSCI.3248-07.2008
Nichols, J. A., Nichols, A. R., Smirnakis, S. M., Engineer, N. D., Kilgard, M. P., and
Atzori, M. (2011). Vagus nerve stimulation modulates cortical synchrony and
excitability through the activation of muscarinic receptors. Neuroscience 189,
207–214. doi: 10.1016/j.neuroscience.2011.05.024
Nogueira, P. J., Tomaz, C., and Williams, C. L. (1994). Contribution of the vagus
nerve in mediating the memory-facilitating effects of substance P. Behav. Brain
Res. 62, 165–169. doi: 10.1016/0166-4328(94)90024-8
Perng, C.-H., Chang, Y.-C., and Tzang, R.-F. (2018). The treatment of
cognitive dysfunction in dementia: a multiple treatments meta-analysis.
Psychopharmacology 235, 1571–1580. doi: 10.1007/s00213-018-4867-y
Peuker, E. T., and Filler, T. J. (2002). The nerve supply of the human auricle. Clin.
Anat. 15, 35–37. doi: 10.1002/ca.1089
R Core Team (2017). R: A Language and Environment for Statistical Computing.
Available at: https://www.R-project.org/ (accessed December 2, 2019).
Raedt, R., Clinckers, R., Mollet, L., Vonck, K., El Tahry, R., Wyckhuys, T., et al.
(2011). Increased hippocampal noradrenaline is a biomarker for efficacy of
vagus nerve stimulation in a limbic seizure model. J. Neurochem. 117, 461–469.
doi: 10.1111/j.1471-4159.2011.07214.x
Rangon, C. M. (2018). Reconsidering sham in transcutaneous vagus nerve
stimulation studies. Clin. Neurophys. J. Int. Fed. Clin. Neurophys. 129, 2501–
2502. doi: 10.1016/j.clinph.2018.08.027
Roosevelt, R. W., Smith, D. C., Clough, R. W., Jensen, R. A., and Browning, R. A.
(2006). Increased extracellular concentrations of norepinephrine in cortex and
hippocampus following vagus nerve stimulation in the rat. Brain Res. 1119,
124–132. doi: 10.1016/j.brainres.2006.08.048
Sellaro, R., de Gelder, B., Finisguerra, A., and Colzato, L. S. (2018). Transcutaneous
vagus nerve stimulation (tVNS) enhances recognition of emotions in faces but
not bodies. Cortex 99, 213–223. doi: 10.1016/j.cortex.2017.11.007
Sellaro, R., van Leusden, J. W., Tona, K. D., Verkuil, B., Nieuwenhuis, S., and
Colzato, L. S. (2015). Transcutaneous vagus nerve stimulation enhances post-
error slowing. J. Cogn. Neurosci. 27, 2126–2132. doi: 10.1162/jocn_a_00851
Shiffrin, R. M., and Steyvers, M. (1997). A model for recognition memory: REM-
retrieving effectively from memory. Psychon. Bull. Rev. 4, 145–166. doi: 10.3758/
BF03209391
Sjogren, M. J., Hellstrom, P. T., Jonsson, M. A., Runnerstam, M., Silander, H. C.,
and Ben-Menachem, E. (2002). Cognition-enhancing effect of vagus nerve
stimulation in patients with Alzheimer’s disease: a pilot study. J. Clin. Psychiatry
63, 972–980. doi: 10.4088/jcp.v63n1103
Steenbergen, L., Sellaro, R., Stock, A. K., Verkuil, B., Beste, C., and Colzato, L. S.
(2015). Transcutaneous vagus nerve stimulation (tVNS) enhances response
selection during action cascading processes. Eur. Neuropsychopharmacol. 25,
773–778. doi: 10.1016/j.euroneuro.2015.03.015
Tulving, E. (1983). Elements of Episodic Memory. Oxford: Oxford university Press.
Verkuil, B., Burger, A. M., van Diest, I., Vervliet, B., van der Does, W.,
Thayer, J. F., et al. (2017). Transcutaneous vagal nerve stimulation to
promote the extinction of fear. Brain Stimul. 10:395. doi: 10.1016/j.brat.2017.
07.005
Williams, C. L., and McGaugh, J. L. (1993). Reversible lesions of the nucleus
of the solitary tract attenuate the memory-modulating effects of posttraining
epinephrine. Behav. Neurosci. 107, 955–962. doi: 10.1037/0735-7044.107.
6.955
Yakunina, N., Kim, S. S., and Nam, E. C. (2017). Optimization of transcutaneous
vagus nerve stimulation using functional MRI. Neuromodulation 20, 290–300.
doi: 10.1111/ner.12541
Zhang, Z., and Yuan, K.-H. (2018). Practical Statistical Power Analysis Using
Webpower and R. Granger, IN: ISDSA Press.
Conflict of Interest: EC has received travel and registration grants from Elekta
Neuromag Oy to participate in conferences and workshops on MEG. PB has
received consultancy and speaker fees from UCB Pharma, LivaNova, Medtronic,
and Eisai. KV and PB have received speaker fees from Livanova. PB, KV, and RR
have received free devices for research studies in normal volunteers and preclinical
studies from LivaNova, Cerbomed, Neurosigma, Medtronic.
The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.
Copyright © 2020 Mertens, Naert, Miatton, Poppa, Carrette, Gadeyne, Raedt, Boon
and Vonck. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.
Frontiers in Psychology | www.frontiersin.org 11 April 2020 | Volume 11 | Article 551
